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Abstract 
Photovoltaic (PV) cells are known for poor efficiency within the range of only 6-15%, depending on the type of cells. As a result, 
those can convert only a small part of the absorbed solar energy into electricity, the rest is wasted as heat, which also contributes 
to rise in cell temperature. This heating up is undesirable for PV cells because it further decreases the electrical conversion 
efficiency. One viable solution to this problem is the combination of PV cells with integrated thermal collectors, known as 
photovoltaic-thermal (PVT) collectors. This combination usually improves the PV module efficiency compared to stand-alone 
PV modules, because the fluid circulating underneath the PV cells removes the heat from the cells and cools them. Among the 
studies concerning PVT, Delisle [1] provided a good mathematical model, where the electrical output was calculated simply by 
considering a linear dependence of PV efficiency with cell temperature. In the current study, following the Delisle’s approach 
[1], a simple model configuration consisting of transpired collector absorber plate of corrugated type mounted underneath the PV 
cells is analyzed. The resulting mathematical system is solved numerically using multivariate Newton’s method. To calculate the 
model output more accurately, a sophisticated model known as two-diode model is incorporated. This model provides current-
voltage characteristics with maximum power point (MPP) tracker, and considers nonlinear temperature effect. The comparison of 
the model outputs with experimental data reveals that two-diode model behaves differently for different sets of data at different 
conditions. 
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Nomenclature 
A  area  
cp  specific heat at constant 
C0, C1, C01, C02 module specific constants 
e  charge of an electron 
G  irradiation 
h  heat transfer coefficient 
I, I01, I02  current, diode saturation currents 
k Boltzmann constant 
ሶ   mass flow rate 
n1, n2  diode ideality factors 
ns, np  number of cells in the module in series, in parallel 
P  power 
PPV  proportion of PV cells 
ሶ   heat transfer rate 
R  resistance 
T  temperature 
U  overall heat transfer coefficient 
V, Vgap  voltage, band gap voltage equivalent 
Greek Symbols 
Į  absorptance 
ı  porosity of collector absorber plate 
ısb  Stefan-Boltzmann constant 
İ  effectiveness 
  emissivity 
Ș  efficiency 
μ  PV cell temperature coefficient at maximum power point 
Subscripts 
abs  absorbed 
amb  ambient 
blg  building 
col  collector 
cond  conductive 
conv  convective 
el  electrical 
HX  heat exchanger 
j  junction 
out  outlet 
p  parallel 
ph  photoelectric 
plen  plenum 
proj  projected 
rad  radiative 
ref  reference 
s  series 
surr  surroundings 
T  total 
u  useful 
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1. Introduction 
In the last few years, unglazed transpired solar collectors (UTCs) have been proven to be an effective and viable 
method of reducing HVAC (heating, ventilation, and air conditioning) loads and building energy consumption. With 
the concern of growing over energy sources and their usage, the combination of PV cells with UTCs (PV/thermal 
UTCs) have become a focal point of interest in the field of solar energy research. Although PV/thermal UTCs are 
not as prevalent as PV modules, their integration into the walls or roofing structure of a building could provide 
greater opportunity for the use of renewable solar energy technologies in domestic, commercial and industrial 
applications. 
In 2008, Delisle [1] developed a mathematical model for PV/thermal UTCs and simulated it in a commercial 
software called ‘TRNSYS’. She adapted Summer’s [2] and Maurer’s [3] codes to take the wind effect and 
considered a corrugated trapezoidal surface. The simulated configurations had PV cells directly on (a) the upper 
trapeziums or (b) the entire surface. The simulation results showed that when the air suction was started, the 
decrease in temperature caused an increase in electricity production. The configuration with PV cells only on the top 
was more interesting in terms of cost because it avoided placing the PV cells in the shade of the corrugation. After 
conducting an experiment, she compared the experimental results with her model. The model tended to overestimate 
the assembly temperature. This was explained by the fact that the coefficient associated with convective term did not 
account for wind direction or the trapezoidal shape. Besides, two modeling assumptions such as the uniformity of the 
suction and thermal uniformity of the panel were not met. However, when there was no suction, predicted power 
generation agreed with the measurement. 
In the present work, Delisle’s configuration (a), i.e., PV cells mounted only on the top of the corrugations is 
studied since it was suggested as cost effective. She developed a general mathematical model for the two 
configurations. Here, a simplified model (see Fig. 1), only for configuration (a), is simulated using a mathematical 
software called ‘MATLAB’. 
 
 
Fig. 1.PVT configuration used in this study where PV cells are mounted directly on the top of trapezoidal corrugations. 
2. Mathematical modelling 
In order to determine the performance of the PV/thermal collector, a set of ten nonlinear equations are solved 
numerically using multivariate Newton-Raphson method [4] (see the flow chart for numerical simulation in Fig. 2). 
The first nine equations are those developed by Delisle [1]. The tenth equation for total absorbed solar radiation is 
formed neglecting shading and reflection since there is no such effects on the top surfaces. 
The first equation is the one developed by Kutscher et al.[5] for an isothermal UTC that expresses the collector as 
a heat exchanger of effectiveness İHX, 
İ .HX plen amb
col amb
T T
T T
−
=
−
   (1) 
Radiation heat transfer between the wall and the back of the absorber plate ( ),rad wall colQ −  can be expressed as, 
( )
, , , 
.
rad wall col rad wall col col proj wall colQ h A T T− −= −    (2) 
PV 
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Convection heat transfer from the back of the absorber plate to the plenum ( ),conv col plenQ −  can be expressed as, 
( )
, 
.
conv col plen p plen ambQ mc T T− = −     (3) 
The plate surface is considered to be at a uniform temperature. Therefore, the radiation losses from the collector to 
the surroundings ( ),rad col surrQ −  is given as, 
( ) ( )4 4
, , 
1 .
rad col surr sb col col surr col projQ T T Aσ ε σ− = − −    (4) 
The convective heat losses from the absorber plate to the wind ( )windQ  can be expressed as, 
( )
, 
.
wind wind col proj col ambQ h A T T= −    (5) 
The convective heat losses from the wall to the plenum ( ),conv wall plenQ −  is expressed as, 
( )
, , , 
.
conv wall plen conv wall plen col proj wall plenQ h A T T− −= −    (6) 
The conduction through the wall on which the collector is mounted ( ),cond wallQ  is given as, 
( )
1
, , 
1 1
.
cond wall col proj blg wall
wall wall
Q A T T
U h
−§ ·
= − −¨ ¸© ¹

        (7) 
Fig. 2.Flow chart for numerical simulation of the PVT model. 
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The next two equations are obtained by performing energy balances on the absorber plate, on the wall located at the 
back of the plate, and in the holes, respectively. Those are as follows: 
, , , 
,
abs rad wall col conv col plen rad col surr windQ Q Q Q Q− − −+ = + +        (8)
 
, , , 
.
cond wall conv wall plen rad wall colQ Q Q− −= +      (9) 
Total absorbed solar radiation ( ሶܳ ௔௕௦) for the top surfaces of the collector except perforated portions is calculated 
using the absorptivity (Įpanel) of the collector and then the electrical power output (Pel) produced by the PV cells 
mounted on the surface is deducted from this total. Thus, ሶܳ ௔௕௦ is given by, 
( )
, 
1 .
abs panel top T col elQ A G Pα σ= − −    (10) 
Now, the useful thermal energy can be calculated by, 
( ).p out a bu mmcQ T T= −     (11) 
In equation (11), the collector outlet temperature, Tout depends on the parameters obtained solving the above 
equations. 
3. Determination of electric power output 
In equation (10), the electrical output (Pel) is calculated using two different models. The first model uses a linear 
dependence of the efficiency of the PV module with the PV cell temperature, hence named as ‘linear model’ here, 
and the other model uses a sophisticated ‘two-diode model’ for PV cells. 
3.1. Linear model 
For simplicity, efficiency of PV module (ȘPV) is assumed to depend linearly on the PV cell temperature as, 
( ).PV ref efl rcoT Tη η μ= + −    (12) 
The electric power output is calculated as, 
, 
.
el PV PV abs topP P Qη=     (13) 
3.2. Two-diode model 
In two-diode model, non-linearity of electrical output is taken into consideration. To implement this model, at 
first the PV cell temperature is calculated, then using this cell temperature, the I-V characteristics of the PV module 
is calculated with maximum power point tracking mechanism. 
3.2.1 Determination of cell temperature 
The cell temperature is calculated using the nominal operating cell temperature (NOCT) conditions as shown in 
Fig. 3. 
3.2.2Determination of I-V characteristics 
According to two-diode model, I-V characteristics of a PV cell is governed by the equation, 
01 02
1 2
exp 1 I exp 1 ,j j jph
p
eV eV V
I I I
n kT n kT R
ª º ª º§ · § ·
= − − − − −« » « »¨ ¸ ¨ ¸© ¹ © ¹¬ ¼ ¬ ¼
  (14) 
where, 
.j sV V IR= +    (15) 
Unfortunately, equation (14) cannot be solved analytically [6]. It can be solved if either voltage or current is known 
by means of numerical iterations. Therefore, one of them is assumed and the other is iterated. Moreover, the 
dependence on the environmental conditions is not included in this equation, e.g., there is no crossover for an 
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increase in temperature. This is included by modifying the photocurrent and the diodes’ saturation currents as 
follows: 
( )0 1 ,phI C C T AG= +    (16) 
3
01 01 exp ,
gapeVI C T
kT
§ ·
= −¨ ¸© ¹
   (17) 
Fig. 3: Flow chart to calculate cell temperature. 
Fig. 4. Flow chart for determination of I-V characteristics. 
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02 02
5
2 exp .
2
gapeVI C T
kT
§ ·
= −¨ ¸© ¹
   (18) 
These set of equations is the most accurate way to calculate the performance of a solar cell at any given 
environmental condition. Once the values of Iph, I01 and I02 are known from equations (15) – (17), I and V are 
determined by numerical iterative procedure. Then, electrical power of the module can be calculated by, 
.
el s pP n n IV=    (19) 
The flow chart for determination of I-V characteristics as described above is presented in Fig. 4. 
4. Results and discussions 
In this work, we have taken Delisle’s experimental data [1] for three days and compared them with our output. 
For the data of 29th August 2007, the simplified model seems to overestimate the thermal output (see Fig. 5(a)). For 
the other two days, the simplified model underestimates for a certain range (Figs. 5 (b) and (c)). This day-to-day 
variation may be caused by variation in weather, since the output depends greatly on the exposure of sun. In the 
present calculation, sky temperature is assumed to be a function of ambient temperature and cloud cover factor is 
ignored. The consideration of cloud cover factor might improve the result. However, the trend of the graph for 
theoretical thermal output seems to agree with that of experimental output. This indicates that the simplified model 
is valid. 
Fig. 5. Comparison of thermal outputs for (a) 29th August, (b) 31stAugust and (c) 2nd September. 
After incorporating two-diode model, we have compared the electrical outputs with experimental data (see Fig. 
6). Again, the results seem to be different for 29th August and the other two days. It seems that for 29th August, for a 
certain region, the two-diode model conforms better to the experimental data than Delisle’s model. For the other two 
days, both overestimate in a certain region and the two-diode model overestimates more by around 6%. The reason 
for this variation is already discussed. 
Fig. 6. Comparison of electrical outputs for (a) 29th August, (b) 31stAugust and (c) 2nd September. 
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5. Conclusion 
In this study, a mathematical model is developed for PV cells combined with UTCs following the approach of 
Delisle [1]. The study reveals the possibility that two-diode model may analyze the electrical behavior of PVTs 
better depending on the weather conditions and other physical variables. The outputs are compared with the 
experimental data and some discrepancies are discovered. For removing these discrepancies, and improving the 
model and suiting it with respect to Bangladesh, the followings are recommended: 
• In this work, sky temperature is assumed to be a function of ambient temperature. More sophisticated approach 
including cloud cover factor [7] should be taken to improve the calculation. 
• Since, shading and reflection effects can be ignored for configuration (a), absorbed solar radiation is calculated 
much simplistically. More sophisticated approach should be taken for the calculation of absorbed solar radiation 
even though shading and reflecting effects are ignored. 
• In the radiation converter, collector azimuth angle is assumed to be zero. Further investigations regarding 
different values of angles should be carried out. 
• In this work, only trapezoidal corrugation is examined for the collector. In Bangladesh, tins of sinusoidal 
corrugation are easily available. Therefore, further investigations should be carried out regarding sinusoidal 
corrugations and tin as an absorber material. 
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